Introduction
The dynamics of the collisions of droplets with a hot solid is often studied numerically, not only because of its fundamental significance to scientific research, but also because of its various industrial applications such as in spray cooling. When a single liquid droplet impinges at small velocities on a solid heated far above the boiling temperature, it deforms into a thin disc on the surface and is then repelled from it without disintegration. When the impact velocity is high, the droplet splits into small parts during the collision.
Fujimoto and Hatta 1) calculated the properties of the deformation and rebounding processes of a water droplet on a hot surface heated at 500°C in the axisymmetric coordinate system. Although heat transfer between the solid and the droplets was not taken into account, the predicted hydrodynamic behavior of the droplets is in reasonable agreement with their experimental results. Harvie and Fletcher 2) proposed a mathematical model for analyzing the collision of droplets with a hot solid in the film boiling regime, which takes account of the presence of a vapor layer between the solid surface and the droplet that forms due to evaporation. They also conducted 2-d simulations using their model. 3) Ge and Fan 4, 5) performed 3-d simulations of droplet collisions in the Leidenfrost regime and their predictions were compared with the results of experiments by other researchers. The effects of the evaporation of the liquid were included in the model. Nikolopoulos et al. 6) carried out 2-d and 3-d calculations of the properties of the evaporation process of a liquid droplet impacting onto a solid surface. All of these papers focused on the collision of a single droplet with a solid.
In actual spray cooling, many droplets impact on the solid randomly and droplets frequently interact in the vicinity of the solid surface. The physics of these phenomena is much more complex than that of single droplet collisions. Although there have been some experimental studies, 7, 8) of multiple droplet collisions, the interactions of droplets are not well understood.
In the present study, the deformation processes of water droplets successively impacting on a solid heated far above the boiling temperature were investigated with numerical simulations (see Fig. 1 ). Firstly, the numerical model was constructed by assuming the presence of a thin vapor layer between the liquid droplet and the solid during the collision. Secondly, single droplet collision was studied to test the numerical model by comparing its predictions with the results of experiments. Thirdly, the collision of two water droplets, in which they fall coaxially and then successively impact on a hot substrate, was investigated. The interaction phenomena are discussed in detail. The deformation mechanics of two droplets impinging successively on a hot solid at small impact velocities was investigated by carrying out computer simulations. The conservation equations for mass, momentum, and energy for unsteady incompressible viscous fluids in an axisymmetric coordinate system were approximated and solved with a finite difference method, taking account of gravity, viscosity, and surface tension. It was assumed that a thin vapor layer forms between the water droplet and the solid surface immediately after impact. The numerical results were compared with those of experiments. It was found that the liquid deforms into a crown shape during the successive impacts. The fluid mechanics of the interactions of the droplets is discussed in detail.
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Model Assumptions and the Numerical Procedure
When a single droplet impinges on a solid surface heated far above the boiling temperature at small Weber numbers associated with the impact inertia of the droplets, it deforms into a circular thin disk, recoils, and eventually rebounds from the solid surface, as shown in (4) where r and z are the coordinates in the radial and axial directions respectively, t is time, u and v are the velocity components in the r and z directions respectively, and p and T are the pressure and temperature respectively. The color function, f, is the volume fraction in a computer cell. The free surface was tracked with the VOF (volume-of-fluid) method 9) using Eq. (4). c, r, m, and l are the specific heat, the density, the viscosity, and the thermal conductivity, respectively. The temperature dependences of these properties are taken into account. F r and F z are the volume force components in the r and z directions respectively. The effect of surface tension at the liquid/solid interface is included in these terms. In addition, r and m are given by: in which the subscripts 'water' and 'air' denote the values for the water and air phases respectively.
It was assumed that a very thin vapor layer forms between the solid surface and the liquid immediately after impact. The droplets are always insulated from the solid surface by the vapor layer during the collision. At the liquid/vapor interface, the liquid temperature is maintained at the boiling temperature (ϭ100°C). Free slip boundary conditions were adopted.
Heat and mass losses of the liquid due to boiling are not taken into account, because the evaluation of the evaporation rate of the liquid is difficult. Although a model for the evaporation rate has been proposed, 2) it uses some empirical closure coefficients. No accurate experimental data are available for testing this model. Thus we focused on the hydrodynamics of the droplets in the present study. In addition, the conservation equations were solved with a finite difference method described in our previous paper. 10) 
Results and Discussion
As the present numerical model contains several assumptions, it must be tested by comparing its predictions with the results of experiments. Firstly, the collision of a single Figure 2 shows the observed droplet shape and the predicted shape for a preimpact diameter of the droplet, D p , of 0.59 mm and an impact velocity, v 0 , of 1.8 m/s. In the experiment, the material of the solid substrate was Inconel alloy 625. The temperature of the solid surface was 500°C and the liquid temperature before impact was approximately 20°C. The shape of the droplet during the collision was monitored with flashphotography using two-micro flash units and a digital camera with a macro lens. The details of the experimental setup and the measurement procedure are described in our previous paper.
11) The symbol, T n , in the figure is the dimensionless time after the droplet impact, which is normalized by the pre-impact diameter of the droplet and the impact velocity.
The predicted contours of temperature and relative pressure inside the liquid are shown in the figure. It was found that a high-pressure region appears near the impact point, and that a circular water film forms around the bottom edge of the droplet (T n ϭ0.6). This film spreads radially outward across the solid surface as the height of the droplet body decreases (T n ϭ0.6-1.2). The liquid is only heated near the solid surface. After the droplet has deformed into a thin disk, it begins to recoil (T n ϭ1.2-1.8). The surface tension induces reverse flows from the edge of the disk to the center. The reverse flows merge at the center axis, resulting in an upward flow (T n ϭ2.5). The liquid elongates upward in the center region as the diameter of the droplet body decreases (T n ϭ3.0-3.6). The high temperature area grows obliquely upwards from the solid (T n ϭ2.5-4.3). At T n ϭ4.3, the liquid looks like a bowling pin. Eventually, it rebounds from the solid surface. Figure 3 shows a quantitative comparison of the experimental and numerical results for (D p , v 0 )ϭ(0.59 mm, 1.8 m/s). The definitions of the droplet diameter and height are given in Fig. 4 . The droplet diameter sharply increases with time after the impact, reaches a peak value at T n ϳ1.3, and then decreases monotonically. At T n ϳ4.4, the liquid is repelled from the solid surface. The droplet height decreases after the impact, goes through a minimum at T n ϳ1.0, and then slightly increases. Figures 2 and 3 show that the numerical results are in reasonable agreement with the experimental data both qualitatively and quantitatively. Although the model assumes ideal behavior, the hydrodynamics of the droplets is adequately described.
Two droplet collisions were then investigated. Figure 5 shows the calculated and experimental time evolutions of the droplet shapes. The pre-impact diameter of the droplets is 0.64 mm. The impact velocities are 2.35 m/s for the leading (first) droplet, and 2.45 m/s for the trailing (second) droplet. The vertical spacing between the two droplets before the impact is 0.71 mm (see Fig. 1 ). The temperature of the solid surface is 500°C and the liquid temperature is approximately 20°C. T n ϭ0 corresponds to the moment when the first droplet impinges on the solid.
Until the impact of the second droplet onto the first droplet, the deformation behavior of the first droplet is similar to that for the single droplet collision. The first droplet impacts, deforms into a thin disk, reaches a maximum diameter at T n ϳ1.8 (see Fig. 6 ), and then recoils. The liquid temperature is high only near the solid surface.
In the experimental results, the second droplet appears to be in contact with the first droplet at T n ϳ1.8, but the impact time in the simulation is slightly later (T n ϳ2.0). At T n ϭ1.8, the predicted film thickness at the center is less than that at the circular edge. This predicted shape is not evident in the side-view photograph. At T n ϭ2.2, a high-pressure region appears due to the impact of the second droplet. The edge region thickens with time, while the liquid near the center axis becomes thin due to the impact inertia of the second droplet (T n ϭ2.5-3.3) . Consequently, the liquid looks like a © 2008 ISIJ crown at T n ϭ3.3. The deformation behavior of the two droplets is clearly different from that for the single droplet collision. Figure 7 shows the velocity and temperature profiles for T n ϭ2.2 and 2.5. At T n ϭ2.2, a small ring vortex is present in the upper edge region. Most of the fluid in the edge region flows radially inward because of surface tension effects. In contrast, the fluid around the bottom of the second droplet flows radially outward due to impact inertia. A circular liquid swelling is formed, moves outward, and soon reaches the edge. The meeting of the outward and slight inward flows near the edge gives rise to an upward flow, resulting in the vertical elongation of the liquid. A high temperature area develops obliquely upward from the outer edge due to the bulk motion of the fluid. At T n ϭ2.5, little inward flow is present in the edge region. The relatively large outward flow results in a thin neck formed between the edge and center regions, as indicated with an arrow in the figure. As a result of this flow, the edge moves outward. Thereafter, the measured liquid diameter is slightly higher, as shown in Fig. 6 .
A quantitative comparison of the numerical results with those of the experiments is shown in Fig. 6 . The droplet height decreases monotonically after the second droplet hits the first droplet, and goes through a minimum at T n ϳ2.6. Thereafter, the liquid height increases. The spreading diameter also decreases shortly after the impact of the second drop, goes through a minimum at T n ϳ2.5, increases, and begins to decrease again at T n ϳ3. 5 . Figures 5 and 6 show that the predictions are in reasonable agreement with the experiments, although there are some slight discrepancies. The discrepancies are due not only to numerical errors resulting from the finite difference approximation, but also to the model assumptions and experimental difficulties. The simulations were conducted in the axisymmetric coordinate system, but the observed deformation behavior of the droplet is asymmetric as shown in Fig. 5 . The liquid crown is apparently distorted and wavy at later times. In experiments with two droplets, ensuring ideal axisymmetric flows is quite difficult. If a slight asymmetric behavior occurs at impact, the asymmetric motion is amplified with time. Furthermore, the surface tension results in instability phenomena. As a consequence, flow of a three-dimensional nature is appreciable at later times. Thus the numerical model could only be validated at relatively early times in which axisymmetric flow is present.
We also performed an additional parametric study. Figure 8 shows the time evolution of the predicted shape of the droplet for successive impacts. The impact conditions are the same as in the previous case except for the spacing between the two droplets (ϭ0.16 mm). As the spacing is smaller, the impact of the second droplet on the first droplet occurs at an earlier time (T n ϳ1.1). The merged droplet spreads more widely than in the previous case shown in Fig. 4 . The height of the edge is less than that in the previous case, which arises because the first droplet is still spreading when the second droplet impacts. The flow direction in the edge region is radially outward, resulting in a larger spreading diameter of the merged droplet. At T n ϭ2.0, the dimensionless spreading diameter of droplet is 2.61 and the dimensionless height is 0.495. Thus the spacing between the two droplets is a key parameter affecting the deformation phenomena. 
Conclusions
The collision dynamics of water droplets impinging on a hot solid was studied by means of computer simulations, in which a thin vapor layer was assumed to be present between the liquid and the solid. In the case of a single droplet, the droplet impacts, spreads, recoils, then stretches upward and rebounds from the solid surface. It was found that the predictions and experimental results are in satisfactory agreement both qualitatively and quantitatively. As a result of the successive impingement of two droplets, the liquid deforms into a crown. The size of the crown depends on the spacing between the two droplets before the impact.
